This article is available online at http://www.jlr.org functions, in addition to structural roles ( 1 ); consequently lipidomic studies have become fundamental for understanding their contribution to health and disease. Mass spectrometry (MS), with its capability of providing structural information, has been the main method of choice in lipidomic studies. Recent technological advances in mass spectrometers, including increased sensitivity, higher mass accuracy, higher scan speeds, and the ability to acquire in both positive and negative mode in one run have resulted in the increased popularity of MS as a detection technique for biomolecules in recent years. This has enabled the mapping of lipids present in fl uids and cells, leading to better understanding of the role of the different lipid classes in the pathophysiology of diseases.
performance of fi ve different solvent systems on the extraction of lipids from LDL particles isolated from pooled plasma of healthy volunteers. LC-MS was used to identify the lipids extracted, with statistical analysis to evaluate differences in the large number of species found.
MATERIALS AND METHODS

Chemicals
All chemicals used were analytical grade or the highest purity commercially available. All organic solvents were of HPLC grade or the highest purity commercially available (Fisher Scientifi c, Loughborough, UK). TBME was purchased from Sigma (Poole, UK). Nitrogen was purchased from BOC (Worsley, Manchester, UK). Lipid standards [PC 13:0/13:0 and dehydroepiandrosterone sulfate (DHEA)] were purchased from Avanti Polar Lipids (Alabaster, AL). Synthetic lipid compounds were considered as lipid standards when exhibiting an m/z value that did not match any of the ions present in the unspiked sample with the various solvent systems (endogenously present in the sample or exogenously introduced as contaminants by the solvent system).
Blood collection and LDL separation
Blood samples from three healthy normolipidemic female volunteers (age range 26-46 years, BMI <25, plasma cholesterol <250 mg/dl) were collected after overnight (12 h) fasting into EDTA-containing tubes (Vacuette, Greiner Bio-One, Gloucester, UK) after voluntary written consent was obtained. The study was approved by the University of Strathclyde ethics committee . Plasma was separated immediately by low speed centrifugation (2,000 g ) at 4°C. Plasma samples were pooled and sterile 60% sucrose (w/v) solution was added as a cryopreservative to a fi nal concentration of 0.6%. Pooled plasma aliquots were stored at Ϫ 80°C in the dark (up to 4 months) until further use. The LDL population was isolated as described previously ( 25 ) . LDL was desalted by gel fi ltration with an Econo-Pac 10 DG column (Bio-Rad, Hemel Hempstead, Hertfordshire, UK) using autoclaved phosphate-buffered saline (150 mM NaCl, 10 mM NaH 2 PO 4 , pH 6.0) as eluent.
Protein and cholesterol assay
The LDL protein concentration was determined by a microplate Bradford assay in triplicate as described elsewhere ( 26 ) . The absorbance was read in a microplate reader (Sunrise Tecan) set at 595 nm and the protein amount in each sample calculated using the standard curve.
LDL cholesterol content (<180 mg/dl) was determined by the CHOD-PAD method using the cholesterol kit supplied by Boehringer-Mannheim (Mannheim, Germany) according to manufacturer's instructions.
SDS-PAGE electrophoresis
The purity of LDL population isolated was confi rmed by sodium dodecyl sulfate/polyacrylamide gel electrophoresis (SDS-PAGE) resolved in 5% SDS-PAGE according to Laemmli's method ( 27 ) . Samples (10 l) were mixed with Laemmli buffer in 1:1 ratio (v/v) and after heat denaturing loaded into the wells and run at constant voltage. Prestained marker (15 l) of known molecular weights in the range of 30-460 kDa (HiMArk prestained, Invitrogen, Paisley, UK) was loaded together with the samples. Gels were stained with colloidal Coomassie blue solution followed by destaining with solution containing 40% MeOH and 10% acetic different lipids into the organic phase used and consequently on the sample lipid composition. In the particular case of biological fl uids, the differences in reported lipid compositions may result from the variety of solvent systems that have been used, though the most commonly used solvent systems for lipid profi ling are undoubtedly the ones described over 50 years ago by Folch, Lees, and Sloane Stanley ( 2 ) and Bligh and Dyer ( 3 ) . These involve the partition of lipids into a binary mixture of chloroform and methanol (MeOH) (in different ratios), where MeOH is added to the aqueous phase to disrupt the hydrogen bonding networks or electrostatic forces between lipids and proteins followed by the addition of nonpolar solvents such as chloroform to allow the formation of a two-phase system. Even though the methods were initially developed for the extraction of fat from animal tissues ( 3 ), the simplicity and effi ciency of the solvent systems in extracting a broad range of lipid classes soon made them popular. Currently, these solvent systems are routinely applied for a wide range of biological fl uid samples such as blood, tears ( 4, 5 ) , urine ( 6, 7 ), saliva ( 8 ) , cerebrospinal fl uid ( 9, 10 ), human milk ( 11 ), bronchoalveolar lavage fl uid ( 12, 13 ) , and sperm ( 14 ) . Over the years some modifi cations to the original solvent system composition have been introduced, tested, and evaluated; although these alterations are not always fully described by the authors, which makes comparison of the lipid content and composition of fl uids in similar pathological conditions somewhat diffi cult. A comparison of the Folch method and the Bligh and Dyer method has shown similar recoveries in the extraction of the predominant phospholipid classes ( 15 ) , and similar conclusions were reported in other studies comparing the Folch method with alternative extraction solvent systems (16) (17) (18) . Other solvent mixtures that include, for example, hexane ( 19, 20 ) , butanol ( 18, 21 ) , ethyl acetate ( 21 ) , and more recently tert-butyl methyl ether (TBME) ( 17, (22) (23) (24) are also described in the literature. TBME, which was reported to give comparable results to the Bligh and Dyer method in the profi le of human plasma ( 16 ) , has become particularly popular for sphingolipidomic studies and the extraction of lipids in fl uids ( 21, 23 ) . Generally, the alternative solvent systems were not reported to exhibit signifi cant differences in the extraction of predominant lipid classes when compared with the "traditional" solvent systems (15) (16) (17) (18) . Rather, the advantage of these extraction systems lies in the avoidance of chlorinated solvents, which are environmentally harmful. Despite these limited pairwise comparisons, no broader analysis of the effects of solvents in the extraction of lipids in fl uids (blood plasma) has been conducted. Moreover, the previous studies tended to focus on major phospholipid classes such as phosphatidylcholines (PCs) and phosphatidylethanolamines (PEs), and have overlooked the infl uence of solvent composition on extractability of less abundant lipid classes.
LDL is a much studied and important component of plasma, and various solvent systems can be employed for the profi ling of its lipids; but as yet no evaluation of the extractability of the different lipid classes in LDL has been conducted. We have addressed this by studying the column (150 mm × 3 mm × 3 m; HiChrom, Reading, UK) used in hydrophilic interaction chromatography (HILIC) mode ( 30 ) . Two solvents were used: solvent A [20% isopropyl alcohol (IPA) in acetonitrile] and solvent B [20% IPA in ammonium formate (20 mM) ]. Elution was achieved using the following gradient at 0.3 ml/min: 0-1 min 8% B, 5 min 9% B, 10 min 20% B, 16 min 25% B, 23 min 35% B, and 26-40 min 8% B. Detection of lipids was performed in a Exactive mass spectrometer (Thermo Fisher Scientifi c Inc., Hemel Hempstead, UK) equipped with polarity switching. The instrument was calibrated according to the manufacturer's specifi cations to give an rms mass error <1 ppm. The following electrospray ionization settings were used: source voltage, ±4.50 kV; capillary voltage, 25 V; capillary temp, 275°C; sheath gas fl ow, 60 arbitrary units (AU); auxiliary gas fl ow, 25 AU; sweep gas fl ow, 0 AU. All LC-MS spectra were recorded in the range 100-1,200 at 50,000 resolution (FWHM at m/z 500). Three microscans were collected per data point with the injection time limited by either an automatic gain control target ion density of 10 6 or a maximum inject time of 250 ms. Tandem mass spectra (LC-MS 2 ) were acquired on an LTQ Orbitrap instrument (ThermoElectron, Hemel Hempstead, UK) controlled by Xcalibur (version 2.0, Thermo Fisher Corporation) in either positive or negative ion modes as appropriate for the best detection of the parent ion. The source voltage was set at 4.5 kV, capillary temperature at 275°C, with sheath gas and auxiliary gas fl ow rates set at 30 and 10 AU, respectively. Collision energy was set according to the ion of interest, typically between 25 and 35 AU.
Some of the lipid classes were detected in both positive and negative ion mode, namely ceramides (Cer) ( 
Determination of percent recovery
The percent recoveries of two different standards were determined by spiking 15 l of LDL before extraction with the following amounts: 307.5 pmol PC (13:0/13:0) and 135.8 pmol DHEA sulfate. The lipids were then extracted using the fi ve different solvent systems described above. Lipid extracts of spiked LDL were reconstituted in 100 l CHCl 3 /MeOH (1:1, v/v) and further diluted in MeOH prior to injection and separation by LC-MS (using the same column and elution program as described above) using an Ultimate 3000 system (Dionex, Camberley) controlled by Chromeleon Xpress in conjunction with Analyst software (1.5.1; ABSciex, Warrington, UK) coupled to a 5600 TripleTOF (ABSciex). The detection of lipid standards was achieved with source temperature set at 550°C, spray voltage set at ±4.5 kV, and declustering potential set at 50 V. TOF MS survey scans were collected in the mass range of 100-1,200 Da for 250 ms. The extracted ion chromatograms for each of the ions ( m/z 650.4953 for 13:0/13:0 PC and m/z 367.1595 for DHEA sulfate) were generated using options available in Analyst software (1.5.1; ABSciex) and areas under the curve were used to estimate the mean recoveries (calculated in triplicate) and the matrix effects on the extraction of lipids using the different solvent systems. Limit of detection (LOD) and limit of quantitation (LOQ) were estimated by the blank method.
Data processing and statistical analysis
Data processing was carried out using a combination of the open-source tools: Proteowizard , XCMS ( 31, 32 ) , and MZMatchR ( 33 ) within the R environment ( 34 ) . The MSConvert tool from Proteowizard was used to convert the .raw fi les acquired by the acid. The gel (supplementary Fig. I) shows one main band above the top marker corresponding to ApoB-100 which is the predominant protein (>95%) in LDL population ( 28 ) .
Lipid extraction protocols
Extraction of LDL lipids was performed in triplicate using 25 g of protein (46 l) by the fi ve different solvent systems as described below.
Solvent system 1 [Folch method ( 2 )]: LDL lipids were extracted by addition of 160 l ice-cold MeOH (containing 50 g/ml of BHT) followed by the addition of 320 l of ice-cold CHCl 3 and incubation for 20 min on ice with occasional vortex mixing. High purity water (150 l) was added and the sample kept on ice for an additional 10 min with occasional mixing. The sample was centrifuged for 5 min at 2,000 g and the upper (aqueous) phase was removed and reextracted by addition of 250 l of ice-cold CHCl 3 :MeOH (2:1, v/v) as above. The upper phase was discarded and both organic phases were combined, dried under nitrogen stream, and stored at Ϫ 70°C.
Solvent system 2 [Bligh and Dyer method ( 3 )]: LDL lipids were extracted by addition of 160 l ice-cold chloroform (CHCl 3 ) together with 320 l of ice-cold of MeOH containing BHT (50 g/ml) with occasional vortex mixing for 20 min, followed by 150 l of water, at which point a biphasic mixture was formed. The sample was centrifuged for 5 min at 2,000 g and the upper (aqueous) phase removed and retained. A second extraction step was performed on the upper aqueous phase and both organic phases were combined and washed with 150 l water as above. The organic phase was dried under stream of nitrogen and stored at Ϫ 70°C until MS analysis.
Solvent system 3 [acidifi ed Bligh and Dyer method ( 29 ) ]: LDL lipids were extracted as described for solvent system 2, except that 2 l of 3M hydrochloric acid was added after the 150 l of ice-cold chloroform at the second extraction step for the aqueous phase, and the combined organic phases were washed by addition of 200 l of water.
Solvent system 4 [MeOH-TBME method described by Matyash et al. ( 16 ) ]: LDL lipids were extracted by addition of 400 l icecold MeOH containing BHT (50 g/ml) and incubated for 10 min, followed by addition of 500 l of TBME and further incubation on ice for 1 h with occasional vortex mixing. After this, 500 l of water were slowly added to induce phase separation and incubated for 15 min with occasional mixing, followed by centrifugation and collection of the upper organic phase. To the aqueous bottom layer, an additional extraction step was performed with 200 l of ice-cold TBME and 15 min incubation on ice as above, followed by centrifugation at 2,000 g for 5 min. The organic phases were combined and washed by the addition of 150 l of water.
Solvent system 5 [hexane:isopropanol method ( 19, 20 ) ]: LDL lipids were extracted by the addition of 800 l of ice-cold hexane:2-propanol (3:2, v/v) and left to incubate for 20 min on ice with occasional vortex mixing. The hexane contained BHT (50 g/ml). The mixture was centrifuged at 2,000 g for 5 min and the upper organic phase removed and retained. The lower aqueous phase was reextracted with 200 l hexane:MeOH (3:2, v/v) for 15 min as above. After fi nal centrifugation both organic phases were combined in and dried under nitrogen stream.
Analysis of lipid extracts by HPLC-MS
Lipid extracts obtained from each solvent system were solubilized in 100 l CHCl 3 :MeOH (1:1, v/v), further diluted in MeOH and the vials placed randomly in the autosampler tray kept at 4°C. Lipids were analyzed in duplicate, totaling six injections per solvent system. Separation of LDL lipid classes was performed using a Dionex Ultimate 3000 HPLC system (Thermo Scientifi c, Hemel Hempstead) by injection of 10 l sample onto a silica gel by guest, on July 31, 2017 www.jlr.org Downloaded from ( 2 ), with detection by both positive and negative ionization electrospray mass spectrometry. As polarity switching was used, the chromatograms are directly comparable in terms of the species eluted at each time. It can be seen that the majority of lipids eluted in the fi rst 25 min, and some classes of lipid could be detected in both positive and negative ion modes.
The averaged LC-MS mass spectra from the various time windows of the chromatogram corresponding to the elution of different lipid classes are shown in Fig. 2 , showing LC-MS spectra in positive ion mode for triacylglycerides (TAGs), cholesteryl esters (CEs), PCs, SMs, and lysophosphatidylcholines (lysoPCs), and the LC-MS spectra in negative ion mode for Cer, sulfatides (STs), free fatty acids (FFAs) and conjugates, LacCer, phosphatidylinositols (PIs), PEs, and LAAs. Cholesterol, cholesterol sulfate (CS), HexCer, lyso-phosphatidylethanolamines (lysoPEs), glycerophosphatidylglycerols (PGs), and other lipid-like molecules, such as steroid conjugates and prenols, were also identifi ed in negative ion mode (data not shown). Structures of the predominant and other lipid classes are depicted in supplementary Fig. II . The mass spectra ( Fig. 2 ) show a large number of individual lipid species present within each lipid class. The nature of lipids and adducts identifi ed in the mass spectra was confi rmed by using specifi c formula search criteria, as summarized in Table 1 , based on matching the data from accurate mass analysis to mass prediction for the formulas and retention time data. Table 1 also shows the number of individual lipid species identifi ed in each of the classes, and it can be seen that glycerophospholipids are the class with the largest number of species, closely followed by sphingolipids, and in total more than 350 distinct molecular species were identifi ed. The full list of lipid identifi cations obtained from accurate mass data and prediction software is shown in supplementary Other anionic phospholipids such as the glycerophosphatidylserine (PS) class were not found. Sulfurcontaining compounds, such as CSs and STs, were detected mass spectrometer into .mzXML format. Files were then further processed using centWave ( 31, 35 ) from XCMS (https://xcmsonline.scripps.edu) to detect and extract features in centroid mode from individual spectra followed by analysis using the tools available through MZMatchR (alignment; peak matching; RSD fi lter, 0.5; noise fi ltering, 0.8; gap-fi lling; intensity fi lter, 10 4
; combination of replicates, minimum of three) and conversion to text. The raw mass spectrometric data was also manually interpreted using accurate mass and retention time to identify individual lipids, with reference to an in-house database and the Human Metabolome project ( 36 ) . These identifi ed lipids were cross matched to peaks that appeared in the MZMatch fi ltered data to generate data set 1. While more than 350 lipids could be identifi ed from the raw data coming from 19 lipid or lipid-related subclasses, only 169 of these were represented in the MZMatch fi ltered dataset, representing 12 lipid subclasses. Alternatively, for data set 2 the same .mzXML fi les were analyzed using the full XCMS analysis pipeline (XCMSOnline version 0.0.83, Scripps Center for Metabolomics, https://xcmsonline.scripps.edu/). Data set 2 corresponds to features extracted in centroid mode by the XCMS processing analysis (peak width between 10 and 60 s; mass tolerance in consecutive runs, 3 ppm; fold change, 1.5 for P < 0.05) appearing within the retention time windows that represented the different lipid classes, as described in Table 1 , totaling 1,567 features. Some of the retention time windows (shown in Fig. 1 and given in Table 1 ) contain overlapped lipid classes that are not distinguished by direct analysis of chromatogram, for example FA coeluted with hexosyl ceramides (HexCer). Hence there are only 10 lipid classes formally represented in data set 2, annotated by the major species identifi ed in the window.
Processed LC-MS data from MzMatch R was transferred to an excel data sheet and the ion intensities of the identifi ed lipids (data set 1, 169 features) were used to evaluate the comparative effi ciency of extraction (referred to as extractability) of individual lipids and different lipid classes for each of the extraction solvent systems assessed. Data from the full XCMS pipeline (data set 2) was also used to evaluate the extractability of the solvent systems by summing total ion intensities in retention time windows representing different lipid classes, as indicated in Table 1 . Statistical analysis on the extractability between the different solvent systems was performed using ANOVA simultaneous component analysis (ASCA); this method merges ANOVA and principal component analysis, and was developed specifi cally for analyzing large instrumental data sets with underlying experimental design measured on a relatively small number of samples ( 37, 38 ) . A detailed description of the ASCA model used can be found in the supplementary data online The signifi cance of the effect of the different solvent systems was assessed using a permutation test (39) (40) (41) , and ASCA with permutation test was run on data sets 1 and 2. The ASCA algorithm and permutation test ( 38 ) were implemented in MATLAB, v5.3. After signifi cance testing of the effect of the solvent systems, post hoc comparison of the pairs of methods was performed using a P value of 0.05. The sum of the peak intensities for the ions in individual lipid classes was used as the criterion for selection of the optimal extraction protocol. The 10 lipid classes included in these analyses are representative of lipids as a whole, as they include lipids with a broad range of structures and physicochemical properties. IVD) . The different colors and line forms in the chromatograms give a pictorial representation of the areas of the chromatograms showing that signifi cant differences could be seen in some peak intensities between the different extraction methods (supplementary Fig. IV) . In order to characterize the effectiveness of different extraction protocols for LDL lipids, LC-MS data were processed using two different approaches, as described in the Materials and Methods section. Data set 1 contains 169 ions from 10 lipid classes that passed the fi lters during processing using MzMatch (peak matching, noise fi ltering, and gap fi lling) and were evaluated for their extractability in the fi ve solvent systems. While this is not an exhaustive assessment of all the different lipid species identifi ed, each class of lipids is represented by the predominant ions, as shown in Fig. 2 , and therefore the data is likely to be representative of the Table I ). Other lipid-like molecules were also identifi ed, namely prenols (lipophilic antioxidants), secosteroids (vitamins), and steroid derivatives (hormones), and are summarized in supplementary  Table I .
RESULTS
Lipid
While the HILIC separation step coupled to high-resolution instrument allowed differentiation of molecular lipid species with very similar molecular mass but different molecular formulas (isobaric species), it should be noted that it is often not possible to discriminate isomeric species (the same molecular formula) within each of the lipid classes, for example due to variability of carbon chain length between the esterifi ed FAs. Hence the structural variability in lipids isolated from LDL is likely to be even greater than indicated by Table 1 and supplementary Table I excluded from data set 1, would be taken into account in the analysis. The disadvantage of this approach is the potential inclusion of organic-extractable ions that are not lipid related.
For both data sets, the intensities of all of the individual ions (169 for data set 1 and 1,567 for data set 2) were summed either within the retention time windows relating to individual lipid classes to obtain data for the individual classes, or for all of the classes summed across the whole chromatogram, to provide an indication of the extractability of lipids in the different solvent systems . The total lipids in each class and total lipids were used as optimization criteria.
behavior for the whole class. Lipid classes and ions not included corresponded to single ions in the lipid class (LAAs) and identifi ed lipid classes (STs, HexCer, lysoPEs, and glycero-PGs) excluded by the processing fi lters due to low relative abundance.
Data set 2 was generated by a second approach using the features extracted using the full XCMS platform, and included all ions identifi ed as features in the delimited time windows (as shown in Fig. 1 ) corresponding to the retention times of lipid classes. This approach ensured that compounds with low relative abundance or those not identified as lipids based on their accurate mass, and thus (hexane-isopropanol method) extracted the lowest overall total amount of lipid.
To ascertain whether the different solvent extraction protocols had any effect on the individual classes, the intensities for the identifi ed lipids in individual lipid classes were summed and used to evaluate the various solvent systems ( Fig. 4 ). Small differences in the extractability of the predominant lipid classes in LDL were observed, namely for PCs, CEs, and TAGs, with substantial changes observed in the extractability of minor lipid classes. Methods 1 Ion intensities or relative abundances cannot be used for the estimation of the absolute molar abundances of the different lipid classes due to the differences in ionization effi ciency between the different lipid classes and between different lipids within the same lipid class ( 42, 43 ) . However, comparisons of ion intensities for the same lipid between samples can be employed in this study for comparing different solvent systems, as the same volume of sample was used for all extraction protocols, the same dilution factor was applied before injection, and the same MS detection parameters were used, and therefore peak intensities should be comparable and related to amount of lipids extracted using the different solvent systems. The following two sections discuss the fi ndings using each of the data sets.
Evaluation of lipid extractability using data set 1 (data from MzMatch in R platform) Figure 3 shows the effect of the extraction protocols on the total lipid (across the whole chromatogram) for all identifi ed lipids in data set 1. It can be seen that solvent systems 1 (Folch method) and 3 (acidifi ed Bligh and Dyer method) show higher extractability for total lipid than the alternative extraction protocols. Solvent systems 2 (Bligh and Dyer method) and 4 (MeOH-TBME method) exhibited similar extractability while solvent system 5 The total number of individual lipid species identifi ed and the time windows in which each of the classes were detected in the chromatogram are also indicated. in this apolar solvent system . However, method 5 was found to be inappropriate for the extraction of more polar lipid classes namely lysoPC, PI, CS, and LAA classes ( Fig. 4 ) . The differences observed in the lipid classes caused by the effect of the different solvent extraction systems were found to be signifi cant for all lipid classes according to the permutation test ( Table 2 ).
The effi ciency of extraction of two synthetic lipid standards [PC (13:0/13:0) and DHEA sulfate] with the fi ve extraction protocols was also tested (supplementary Fig. V) . It can be seen that the extraction system had a substantial effect on the recovery of the individual standards, which essentially paralleled the profi les observed for extraction of the corresponding lipid classes from LDL. The recovery of PCs varied from close to 100% for extraction methods 1 and 3 to approximately 50% with method 5, while the highest recoveries were around 80% for DHEA sulfate, and the lowest (for method 5) was less than 20%.
(Folch method) and 2 (Bligh and Dyer method) show similar extractability for PCs, CEs, and TAGs, whereas method 2 shows lower extractability for all other lipid classes compared with the method 1, particularly for FFAs, PIs, LacCer, and Cer. Interestingly, the acidifi ed Bligh and Dyer method (method 3) resulted in the increased extractability of SMs, lysoPCs, CSs, LAAs, and LacCer compared with extraction method 2 ( Fig. 4 ) . The higher apparent extractability of lysoPCs for method 3 is unlikely to be due to the acidic solution causing degradation of acid-labile bonds especially in ester phospholipids, as the intensity of FA is similar to that observed for method 2. Method 4 (MeOH-TBME method) appeared to be particularly suitable for the extraction of sphingolipids, as it resulted in nearly a two-fold increase in SMs and LacCer when compared with the more popular methods 1 and 2 ( Fig. 4 ) . Method 5 (hexane-isopropanol) was particularly suitable for the extraction of FFAs, TAGs, and CEs, probably because of their greater hydrophobicity and hence solubility in general the effectiveness of the extraction protocol demonstrated by data set 2 was similar to that of data set 1. However, summed signal intensities for the TAG and CE regions were signifi cantly higher using method 1 suggesting higher extraction of these classes, whereas for the FA region only method 2 showed lower extractability, while in the CS region methods 2 and 5 performed better than indicated by data set 1. Overall, the extractability in between individual lipid regions for the different solvent systems was signifi cantly different except for PE and PC ( Table 3 ). In the ASCA score plot, solvent systems were aligned along the fi rst principal component in order of increasing total sum of the peak areas, from method 5 on the right to method 1 on the left ( Fig. 6 ). It can be seen that method 3 (acidifi ed Bligh and Dyer) showed a high dispersion of points, and therefore was the least reproducible protocol. The corresponding ASCA loading plot is not shown, as it contained 1,567 points and visualization of individual points was diffi cult.
DISCUSSION
The aim of this study was to investigate the effectiveness of fi ve popular lipid extraction protocols, namely the Folch ( 2 ), Bligh and Dyer ( 3 ), acidifi ed Bligh & Dyer ( 29 ) , MeOH-TBME ( 16 ), and hexane-isopropanol ( 19, 20 ) methods, designated methods 1 to 5 respectively, for the extraction of lipid classes from LDL. The lipids extracted by each method were analyzed by MS in a high-resolution instrument, which allowed identifi cation based on accurate mass formula prediction. Evaluation of solvent systems and statistical analysis of lipid extractability was assessed by two approaches; data set 1 included only lipid species identifi ed by processing using MzMatch and manual identifi cation, whereas data set 2 included all ions within delimited time windows in the chromatograms. Together, these approaches provided a robust method for determining differences in the profi le of extraction by the various protocols, and gave very comparable results. Although several previous studies have reported similar extractability for predominant lipid classes between three of the solvent systems here studied, we found that while the solvent systems were indeed similar The effect of the different solvent extraction systems on the extractability of lipid is also demonstrated in the ASCA score and loading plots ( Fig. 5A and B , respectively) . The more polar lipid classes are situated on the right side of the loading plot ( Fig. 5B ) , i.e., PC, PE, CS, SM, LacCer, and lysoPC, and are more effectively extracted using method 3 (fi lled triangles on the right side of the score plot Fig. 5A ), which also gave the most effi cient total lipid extraction. Likewise, the more hydrophobic lipid classes situated on the left side of the loading plot ( Fig. 5B ) , such as FA 2 and CEs, are more effectively extracted with method 5 (fi lled diamonds on the left side in Fig. 5A ), which also gave the lowest total lipid extraction. Lipid classes positioned in the lower section of the loading plot ( Fig. 5B ) , such as PI and some compounds from FA (FA 1 ), TAG, and CE classes, are more effectively extracted with method 1 (fi lled circles in Fig. 5A ). Interestingly, some lipid classes appear to display heterogeneous behavior with respect to their extraction effi ciency with the different methods, shown for example by three distinct clusters for FAs (fi lled triangles, delimited by dashed line) and two distinct clusters for CEs (squares, delimited by solid line) on the loading plot ( Fig. 5B ) . Examination of the mass spectrometric data indicates that saturated FAs, clustered in the region labelled FA 1 , are better extracted using solvent system 3, monounsaturated FAs clustered in FA 2 are better extracted using solvent system 5, and polyunsaturated FAs, clustered in FA 3 are best extracted using solvent system 3 .
Evaluation of lipid extractability using data set 2 (data from XCMS platform)
As can be seen from supplementary Fig. III , the extraction protocol infl uenced the extractability of the different lipids noticed for each individual chromatographic region. The ion intensities of lipid species in the individual chromatographic region were summed (representing data set 2). This data set contains all features identifi ed by XCMS platform in each chromatographic window regardless of whether they could be identifi ed as lipids. The inclusion of data that were not initially identifi ed as lipids gives a more robust analysis; at the same time the inclusion of ions not specifi cally identifi ed as lipids or the inclusion of nonlipid species could be misleading. Methods 1 and 3 gave better total extraction (supplementary Fig. VI) , and were almost completely absent using this method. Methods 1 (Folch method) and 2 (Bligh and Dyer method) showed similar extractability for PCs, CEs, and TAGs based on total lipid intensities, which is in accordance with previously published reports ( 15 ) , but for other lipid classes methods 2 and 4 gave lower lipid extractability than methods 1 and 3, apart from for LacCer where method 4 was best. Overall the data suggest that methods 1 and 3, corresponding to the Folch and acidifi ed Bligh and Dyer methods, respectively, are most suitable for broad-based lipidomic studies of LDL, whereas other methods would be best for studies directed at some specifi c lipid species. While the analysis here has been derived from data on LDL lipid extraction, it seems likely that it would also be useful for selecting the most suitable solvent system for targeted detection of particular lipid classes in other sample types.
While the main aim of this work was to determine the best solvent for lipid extraction from LDL, an inevitable consequence of the study was an extensive catalog of the lipid species present in LDL. The variety of lipid structures identifi ed in the LDL population in one run ( Table 1 and  supplementary Table I ) was substantially increased as a consequence of acquiring data in a high-resolution analyzer operating in both positive and negative ion modes (polarity switching); this also facilitated matching of specifi c lipid species that occurred in different ionized forms in the two modes and reduced the possibility of double counting. LDL of normolipidemic individuals shows considerable structural variability in its lipid species, with more than 350 individual molecular species from a broad range of lipid subclasses being identifi ed in this study. In fact, the number of individual lipid species present is likely to be higher than suggested by the numbers identifi ed in this study, as the identifi cation is based on the accurate m/z value of the ion, and only the total number of carbons and double bonds can be determined, so isomers with different carbon chain lengths in acyl and in ether-linked phospholipids are not distinguished. Interestingly, glycero-PSs were not identifi ed in the LDL extracts, despite the fact that they have previously been identifi ed in plasma (44) (45) (46) , suggesting that they could be confi ned to other lipoproteins. The absence of PSs in LDL may not be surprising given that they are generally only localized in the for extraction of the predominant lipid classes, there were striking differences in the extraction of minor lipid classes. Based on the difference in extractability of individual lipid classes by the solvent systems tested, the optimum solvent systems for each class can be summarized ( Table 4 ). For instance, method 4 (MeOH-TBME method) is the most suitable for the sphingolipidomic studies, whereas method 5 (hexane-isopropanol) is optimal for the extraction of apolar lipids such as CEs and FAs, though it has limitations as some lipid classes (PIs, LAAs, CS, and lysoPCs) HexCer with d16:1, d18:1, and d18:2 chains, have been reported previously in normolipidemic LDL particles at micromolar levels ( 50 ) . LDL particles are known carriers of FFAs, which in our study were found to be predominantly stearoyl chains (18:0); these may be involved in the formation and stabilization of the lipid droplet, as recently reported for PLA 2 -modifi ed LDL particles ( 54 ) . Lyso-phospholipids are also known components of LDL ( 23 ) and plasma ( 44, 45 ) , and may increase as result of oxidative damage ( 55 ) . CS species even though they have been previously reported in LDL ( 56 ) and at a submicromolar concentration range in the plasma ( 57 ) , their localization within the particle remains uncertain. Likewise, other sulfur-containing lipids such as STs, previously observed in mammalian plasma ( 58, 59 ) and interestingly found at elevated levels in ovarian tissue cancer ( 60 ) but lowered in patients with end-stage renal disease ( 59 ) , are likely localized at the surface of lipoproteins. The STs identifi ed in this study, together with LacCer and HexCer contribute to the galactose and glucose residues quantifi ed previously in extracts of LDL samples ( 61 ) . Additionally, we identifi ed LAAs in the lipid extracts ( Table 1 ) that have not previously been reported in LDL particles. Acyl-glycines, acyl-carnitines, acyltaurines, and acyl-dopamines are typical components of mammalian brain and spinal cord extracts ( 62 ) and may be substrates of fatty acid amide hydrolase ( 63, 64 ) . Overall, the complexity of lipid species detected in the LDL extracts is quite remarkable and even though most of the lipid classes (TAG, CE, PC, SM, PE, PI, and Cer) have previously been identifi ed as LDL components, the study reported here represents an in-depth exploration of the lipidome in one analysis, including some minor lipids being profi led for the fi rst time as components in LDL. Table I ) agree with previously published data ( 23, 50 ) . We also characterized a number of minor phospholipid classes in the LDL. The PEs observed were predominantly etherlinked PE species, with less than one-third corresponding to acyl-PE, in agreement with previous fi ndings in LDL from normolipidemic individuals ( 51 ) . In tissues, etherPEs have been suggested to act as antioxidants by chelating cupric ions and protecting other PLs from oxidation ( 52, 53 ) , but their function in LDL is as yet unknown. The major PI species detected in this study was 18:0/20:4 PI ( m/z 885.5489), which agrees with the PI composition of plasma ( 44, 45 ) . Glycosylated lipids, such as LacCer and Statistical analysis of data set 1 and data set 2 was performed using the ASCA model with test permutations (details in supplementary data online). Numbers in parentheses indicated the second best solvent system for extraction.
CONCLUDING REMARKS
a When no statistical difference is observed, all of them are indicated. Supplemental Material can be found at:
